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ABSTRACT
Butyrate producing microbiota perform a number of activities
important in supporting the normal function of the human gastrointestinal tract. The goal of this study was to determine the synergistic effects of lactate- and butyrate-producing bacteria on butyrate production
in vitro co-culture. PCR was used to detect the genes butyrate kinase and
butyryl-CoA CoA transferase that contribute to butyrate production, in a
panel of representative gut microbiota. Preliminary data suggested that
two Clostridium sp. (ASF 500 and ASF 502) and one Eubacterium sp.
(ASF492) possessed at least one of these genes for butyrate production.
Co-culture experiments mixing a lactate-producer with a butyrate-producer showed an increase in butyrate production. Real-time quantitative
PCR was used to estimate the number of bacteria in co-culture by targeting the 16S rDNA gene. Butyrate levels in the mixing experiment were
analyzed using GC/MS. Preliminary results showed that butyrate genes
are present in Clostridium sp. ASF 500 and ASF 502, however, assessment of butyrate production showed the butyrate levels do not correlate
with the results from qPCR.

INTRODUCTION
The microbiota of the mammalian gut is composed of a diverse
population of aerobic and anaerobic bacteria. These complex species interact with each other and maintain a mutualistic relationship with mammals by creating ecological niches in a host’s gastrointestinal (GI) tract.
The microbiota is important to the host because it provides nutrients and
helps to boost immunity to microbial pathogens.
An important byproduct of microbial biochemical activities in
the gut is the fermentation that leads to the production of short-chain
fatty acids, one of which is butyrate. With respect to the gut mucosa,
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butyrate is the preferred source of energy (Hold et al., 2004). Butyrate is
converted to β-hydroxybutyrate (BHBA), which acts as an energy supply and stimulates rumen development in young mammals (DeFrain et
al., 2004). Furthermore, butyrate provides a defense against cancer and
ulcerative colitis in humans and animals, in addition to being used to
promote the beneficial response of the immune system (Barcenilla et al.,
2000).
There are several pathways involved in butyrate production.
For example, butyrate can be synthesized from butyryl-CoA in different
reactions. One reaction converts butyryl-CoA to butyrate using phosphotransbutyrylase and butyrate kinase. In another reaction, acetyl-CoA
is converted to butyryl-CoA. This in turn stimulates CoA-transferase to
change acetoacytyl-CoA from acetogenic fermentation to solventogenic
fermentation. Additionally, butyrate and acetyl-CoA can be formed by
transporting the CoA ingredient via butyryl-CoA:acetate CoA-transferase to exterior of acetate (Charrier et al., 2006; Louis et al., 2004).
Certain anaerobic species increase the production of butyrate
through different reactions. One is fermenting soluble fiber to short chain
fatty acids that nourish the GI tract epithelial cells. Another is using the
lactic acid produced by bacteria like Lactobacilli or Lactococci. Recently, Worden et al. (2008) revealed that some species, such as Butyribacterium methylotrophicum, produced butyrate as a result of metabolizing
carbon monoxide with acetate, hydrogen, or methane (Worden et al.,
2008). Other studies showed that butyrate production was influenced by
pH levels and nutrients within the large intestine (Louis et al., 2007).
The current study was a series of co-culture experiments focused
on the synergetic effect of different microbial species and their ability
to stimulate butyrate production. The amount of butyrate produced was
determined using gas chromatography and mass spectrometry (GC/MS).
Real-time quantitative PCR (qPCR) was performed on the co-cultures to
quantify both lactate- and butyrate-producing bacteria. PCR was used to
screen the presence of butyrate kinase and butyryl-CoA CoA transferase
genes in the representative gut microbes using published primers.

METHODS
Culture Preparation
All bacterial cultures were grown in Reinforced Clostridia Medium (RCM; Difco, BD Diagnostic System, Sparks, MD). Isolated colonies from agar plates were used to inoculate 10 ml (RCM screw-cap) broth
culture tubes, and incubated in an anaerobe chamber overnight at 37°C.
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Co culture Experiment
Broth cultures grown above were used to prepare the mono-culture by inoculating five tubes (samples 1 to 5) containing 10 ml of RCM
broth with Eubcterium plexicaudatum ASF 492, Lactobacillus acidophilus NCFM, Lactobacillus johnsonii NF-1, Enterococcus faecalis OG1S,
and Bifidobacterium longum ATCC 15707 respectively. Cultures were
incubated in a Coy Anaerobe Chamber (Coy Laboratory Products Inc.,
Grass Lake, MI) at 37°C for 24 h. The mono-cultures (samples 1 to 5)
served as the control for this experiment, and were used to inoculate cocultures containing ASF 492 and NCFM (sample 6), ASF 492 and NF-1
(sample 7), ASF 492 and OG1S (sample 8), and ASF 492 and ATCC
15707 (sample 9). Co-cultures were prepared by inoculating 100μl of
overnight monoculture into 10 ml of RCM broth and incubated in a anaerobe bag for 24 h (run 1 and 3) and 48 h (run 2) at 37°C. Run two was
kept at 48 h because there was poor growth for the cultures at 24 h.

Table 1. Bacterial strains and growth media

Growth was determined using absorbance at 600nm (Table 4),
and by qPCR using strain-specific primers (see below). Culture fluid was
harvested from all nine samples after centrifugation (4,700 x g for 15
min) at 4°C. The culture fluids were then analyzed chemically for butyrate levels using gas chromatography and mass spectrometry (GC/MS)
in collaboration with EMU Chemistry Department. Butyrate and lactate
levels were then correlated with the bacterial population dynamics using qPCR. The bacterial pellets were used to isolate genomic DNA as
described below.
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Genomic DNA Extraction
Genomic DNA was isolated from bacterial and mixed cultures
by following the Promega Wizard Genomic DNA Purification Kits instruction (Promega. Madison, WI).

Table 2. Published primers. BCoATD, CoATD, and CTFB are specific to amplify the butyrylCoA CoA transferase gene. BUK primer is specific to amplify the butyrate kinase gene
* Product length was determined using BLAST form Roseburia sp (A2-183) and C.
acetobutylicum (P23673) nucleotide sequence that is specific for these primers (Charrier
et al., 2006).

PCR Amplification
Published primers were used (Table 2) to amplify the genes of
interest using template from purified genomic DNA above. The conditions used for PCR were the same described in Charrier et al. (2006),
Louis et al. ( 2007), and Louis et al. (2004). Briefly, the amplification
cycle used with CoATD and CTFB primers was an initial denaturation
(94°C for 2 min), followed by 35 cycles of denaturation (94°C for 30 s),
annealing (55°C for 20 s, 50°C for 5 s, 45°C for 5 s, 40°C for 5 s), and
elongation (72°C for 1 min), ending with a final extension step (72 °C
for 10 min) (Charrier et al., 2006). The following conditions were used
with BUK primer; initial denaturation (94°C for 2 min), 35 cycles of denaturation (94°C for 30 s), annealing (55°C for 20 s, 50°C for 5 s, 45°C
for 5 s, 40°C for 5 s, 35°C for 15 s), elongation (72°C for 1.5 min), and
a final extension (72 °C for 10 min) (Louis et al., 2004). The conditions
with BCoATDscr primer were slightly modified from the real-time PCR
condition. The initial denaturation (95°C for 30min), 40 cycles of denaturation (94°C for 30 s), annealing (53°C for 30 s), elongation (72°C for
30 s), and a final extension (72 °C for 10 min) (Louis et al., 2007).
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Real-Time PCR
Designed primers were used in real-time quantitative PCR
(qPCR) to quantify the number of bacteria grown in the co-culture experiment. qPCR was conducted using a Chromo4TM PCR detector (BioRad Laboratories, Hercules, CA) with HotStart-IT SYBR Green qPCR
Master mix (USB Corporation, Cleveland, OH). Samples were run in
duplicates in a total reaction volume of 20μl per sample in a 96 Well RT
PCR Fast Plate (Dot Scientific Inc., Burton, MI). qPCR conditions were
as follow: Initial denaturation (95°C for 4 min), 39 cycles of denaturation
(95°C for 25 s), annealing temperature varied with each organism (table
3), elongation (70°C for 30 s), and melting curve from 50°C to 95 °C to
obtain data (at 1 s/ 1°C). Data were analyzed with MJ Opticon MonitorTM
software version 3.1 (Bio-Rad Laboratories, Hercules, CA).

Table 3. Real-time PCR primers and annealing temperature for each representative species.
*Primers designed and optimized by Sreelatha Ponnaluri at Eastern Michigan University.
**ASF 492 primers published by Sarma-Rupavatarm 2004.

RESULTS
Determination of presence of gene for butyrate kinase (buk)
and butyryl-CoA CoA transferase in representative gut bacteria.
Published primers were used to amplify butyrate kinase and butyrylCoA CoA transferase gene from genomic DNA of selected gut bacteria
(Table 1). CoATD primer set shows two bands at 1000bp and 550bp
for Clostridium sp. ASF 500, both of which are not within the expected
size (Fig. 1A). The CTFB primer set gave bands of various intensities
for Clostridium sp. ASF 502, but the band at 1700bp only corresponds
to correct size. However, Clostridium sp.ASF 500 once more showed
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two bands at 1000 bp and approximately 100 bp (Fig. 1B) with the BUK
primer set. A band at 700bp was detected for Clostridium sp. ASF 500
(Fig. 1C). A PCR product was seen for E. plexicaudatum ASF 492 using
primer BCoATD at approximately 900 bp (data not shown). No PCR
product was obtained for B. longum (ATCC 15707), E. faecalis (OG1S),
L.acidophilus (NCFM), L. johnsonii (NF-1), and L.casei (ASF 360).

Figure 1. PCR profiles of a selection of butyrate producing microbiota on 1% gel. (A
and B) Represent primers that amplify butyryl CoA transferase gene. (C) Represent
primer that amplify butyrate kinase gene. (1) Bifidobacterium longum (ATCC 15707). (2)
Enterococcus faecalis (OG1S). (3) Lactobacillus acidophilus (NCFM). (4) Lactobacillus
casei (ASF 360). (5) Lactobacillus johnsonii (NF-1). (6) Eubacterium plexicaudatum XIV
cluster (ASF 492). (7) Clostridium sp XIV (ASF 500). (8) Clostridium sp XIV (ASF 502).
(9) Control sample.
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Growth of Bacteria in Mono- and Co-Culture
There are high similarities in mono-culture growth for E. plexicaudatum, B. longum, E. faecalis, L.acidophilus, and L. johnsonii, and
are relatively constant in run one and two. However, growth is lower
in run three. Co-culture growth for samples 6 through 9 was relatively
constant in all three runs (Table 4).

Table 4. Co-culture absorbance reading at 600nm for all three runs. Runs 1 and 3 for 24
h, and run 2 for 48 h

Figure 2. Representation of bacterial quantity in mono- and co-culture using qPCR. The
results are presented in a logarithmic scale. The quantity of bacteria per ml was calculated
based on the distinct 16S rDNA gene for each representative organism
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Figure 3. Butyrate concentration in co-culture experiment in runs one and two. Butyrate
concentration was determined from the supernatant fluids collected from all three runs
using GC/MS analysis.

Quantitation of Bacteria Using qPCR
Figure 2 revealed a variation in the number of bacteria for all
runs. E. plexicaudatum ASF492 maintained a number between 10 and
103 bacteria per 1 ml in sample 1 and 6, and between 103 and 105 bacteria per 1 ml for samples 7 through 9 for all three runs. Both E. faecalis
(sample 4 and 8) and B. longum (sample 5 and 9) thrived in mono- and
co-culture and ranged between 108 and 1012 bacteria per 1 ml in experimental runs one and two. Both L. acidophilus (sample 2) and L. johnsonii (sample 2) were detectable at low levels (101 to 106 bacteria per ml)
in mono-culture. No detectable lactobacilli were seen in the co-culture
samples (Fig. 2).

Quantitation of Butyrate by GC/MS in
Culture Supernatant
All experimental samples were tested for butyrate level using
GC/MS (Fig. 3). The butyrate level for run three was not available for
this paper. All mono-culture samples (samples 1 to 5) displayed butyrate
activities in consistent amounts, whereas co-culture samples (samples
6 through 9) demonstrated higher butyrate level. Butyrate levels in the
mono-cultures (sample 1 through 4) remained constant between 0.2 and
0.3μg/ 500 μl. The butyrate level was highest for B.longum (sample 5,
run 2) at 0.7 μg/ 500 μl. In co-culture, butyrate levels for L.acidophilus
and L. johnsonii with ASF 492 (sample 6 through 8, runs 1 and 2) was
between 0.5 μg/ 500 μl and 1.5 μg/ 500 μl. The highest overall butyrate
level was detected for samples containing E. faecalis with ASF 492
(sample 8) 2.0 μg/ 500 μl for run one and 2.5 μg/ 500 μl for run two.
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DISCUSSION
The overall goal of this line of experimentation was to develop an in vitro system to study cellular interaction between lactic acid
bacteria and butyrate-producing bacteria. In this study, a representative
group of lactate- and butyrate-producing strains of bacteria was used.
The PCR results using published primer sets confirmed that butyryl-CoA
CoA transferase and the butyrate kinase gene were found in Clostridium sp. XIV ASF 500 (Louis et al., 2007; Charrier et al., 2006; Louis
et al., 2004). Clostridium sp. XIV ASF 502 contained the gene that is
only responsible for butyryl-CoA CoA transferase. In a separate PCR
experiment butyryl-CoA CoA transferase was also found in the Eubacterium plexicaudatum ASF 492 strain (data not shown). This finding
corresponds to a previous study conducted by Barcenilla et al. (2000),
which showed 80% of butyrate-producing gut bacteria are related to the
Clostridium XIVa cluster. All three of these bacterial strains are member
of the Clostridium sp. XIVa cluster. Furthermore, these results are consistent with past observation that most butyrate-producing gut microbes
preferentially possess the gene for butyryl-CoA CoA transferase (Barcenilla et al., 2000; Louis et al., 2004). None of the lactic acid bacteria
tested had either gene for butyrate production. It is interesting to note
that E. Faecalis OG1S did not contain the gene for butyrate kinase (buk).
This is somewhat unexpected, as other investigators have found buk in
other isolates of E. Faecalis (Louis et al., 2004; Benson et al., 2003). The
inability to consistently detect either the butyrate kinase gene (buk) or
the butyryl-CoA CoA transferase gene in these representative strains of
gut bacteria suggests that further work on PCR optimization needs to be
performed. The eventual goal of isolating these gene sequences will be
to clone, sequence, and develop molecular tools to study gene distribution and gene expression in both in vitro and in vivo model systems.
From the co-culture experiments, butyrate production was
detected for all organisms including those that do not possess activity
for butyrate. This finding does not correspond with the distribution of
butyrate-producing genes revealed by PCR. Although previous studies
have reported that Lactobacilli and Bifidobacteria do not produce butyrate, this strongly suggested that these specific strains are able to make
butyrate. An alternative interpretation is that the level of butyrate produced for the individual cultures is at the lowest level of detection for the
GC/MS. Butyrate production seemed to be enhanced in the co-culture
with lactic acid producing bacteria and butyrate producing bacteria. The
enhancement of butyrate production by lactic acid bacteria has been seen
with other gut microbes (Tsukahara et al., 2006; Belenguer et al., 2006;
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Falony et al., 2006; Duncan et al., 2004). An interesting observation was
that co-culture tubes containing E.plexicaudatum ASF 492 and either L.
acidophilus NCFM or L. johnsonii NF-1 showed considerable flocculent
growth. Other co-culture tubes showed only turbid growth of bacteria.
This flocculent growth suggested that specific cellular interactions might
be happening between the lactobacilli and the Eubacterium.
Real-time PCR experiments were somewhat inconsistent, especially with the lactobacilli. Further experiments will include the optimization of bacterial quantification using qPCR, and more controlled
co-culture experiments using all bacteria listed in Table 1.
In conclusion, this study presented preliminary data on the development of an in vitro co-culture system to study bacterial cellular
interaction between gut microbes. This system will help identify not only
metabolic interaction between different microbes, but also cellular interaction such as coaggregation and quorum sensing. Further studies on
gene regulation will be explored as well. The hope is to initially study
these bacterial interactions in vitro, and then move them into a mouse
model system for further study.
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